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ABSTRACT

Photoreduction of 7H-benzo[e]perimidin-7-one (3-AOIA, A1)
and its 2-methyl derivative (2-Me-3-AOIA, A2) by non-H-
donating amines (1,4-diazabicyclo[2.2.2]octane [DABCO];
2,2,6,6-tetramethylpiperidine [TMP]), and a hydrogen-donat-
ing amine (triethylamine [TEA]), has been studied in deaerat-
ed neat acetonitrile solutions using laser flash photolysis
(LFP) and steady-state photolysis. The triplet excited states
of A1 and A2 were characterized by a strong absorption
band with A, =440 nm and lifetimes of 20 and 27 us
respectively. In the presence of tertiary amines, both triplet
excited states were quenched with rate constants close to the
diffusional limit (k, ranged between 10° and 10'° M! sil).
The transient absorption spectra observed after quenching
with DABCO and TMP were characterized by maxima
located at 460 nm and broad shoulders in the range of 500—
600 nm. These transient species are attributed to solvent-sep-
arated radical ion pairs and/or to isolated radical anions. In
the presence of TEA, these transients undergo proton trans-
fer, leading to the neutral hydrogenated radicals, protonated
over the N1- and O-atoms. Transient absorption spectra of
these transients were characterized by maxima located at 400
and 520 nm and 430 nm respectively. Additional support for
these spectral assignments was provided by pulse radiolysis
(PR) experiments in acetonitrile and 2-propanol solutions.

INTRODUCTION

Oxoisoaporphines (OIA) alkaloids have been isolated from different
families of plants such as Menispermaceae (1-3). These alka-
loids that have been recognized as phototoxic phytoalexins, are
synthesized by plants for the defense against pathogen agents or
mechanical injuries (4-9). Due to the planar structure of the oxo-
isoaporphine derivatives, it is expected that these compounds
might intercalate into DNA. Furthermore, because of the imino-
quinone moiety in their structures, they could have redox activity
that could interfere with mitochondrial electron transport (10,11).
Derivatives have been tested as antiproliferative and antiplasmo-
dial drugs, for malaria treatment. They show better selectivity
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against the Plasmodium falciparum parasite than does Chloro-
quine. They also have less toxicity to fibroblast than to the
parasite (10,11). Recently, theoretical studies on the MAO-A
inhibitory activity of some oxoisoaporphine derivatives, have
been published, reporting that at least one derivative showed an
IC5y value lower than MAO-A reference inhibitors (12). More-
over, some of them that contain two N atoms, for example, the
7H-benzo[e]perimidin-7-one derivatives, also called azaoxoisoa-
porphines (AOIA), have been synthesized as noncardiotoxic
alternatives to anthraquinone antitumor drugs. They have also
received considerable attention due to their antineoplastic and
cytotoxic activity, in vitro and in vivo, toward multidrug resistant
cell lines (13-19).

The relevant biological use of these molecules and the redox
properties of their iminoquinone moiety make them a very inter-
esting object of study including their radicals and radical ions
generated in photochemical processes. Our earlier preliminary
steady-state photolysis experiments of AOIA in acetonitrile, and
in the presence of triethylamine (TEA) showed the appearance of
absorption bands that were attributed to the hydrogenated anion
(AH™). When the photolyzed samples were either stored in the
dark or exposed to O,, the photoproducts reverted to the precur-
sors and showed several isosbestic points (20). Surprisingly, the
photolyzed samples stored in dark in the presence of D,O
showed a regioselective isotopic H/D exchange of protons at
positions 4 and 6. A similar phenomenon has also been observed
for the oxoisoaporphine derivatives (20). The 'H-NMR study of
the photoreduction of AOIA and OIA has provided the identity
of the metastable photoproducts hydrogenated at the carbonyl
O-atom (AOH ). Their formation rationalizes the observed isoto-
pic H/D exchange and supports the stepwise photoreduction
mechanism elaborated earlier for 2,3-dihydro-oxoisoaporphines
(2,3-dh-OIA) (21-23) and OIA (24).

The photoreduction mechanism proceeds through a stepwise
electron-proton-electron transfer process (24). The first step is an
excitation of the ground-state of 2,3-dh-OIA and OIA (A) to the
excited singlet state ('A) (Eq. 1), followed by an intersystem
crossing to the lower energy excited triplet state (‘A) (Eq. 2).
After a single photoinduced electron transfer from the amines to
the excited triplet state of 2,3-dh-OIA and OIA (A) the radical
ion pair complex is formed (Eq. 3). In the presence of non-H-
donating amines; 1,4-diaza[2.2.2]-bicyclooctane (DABCO) and
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2,2,6,6-tetramethylpiperidine (TMP), a back electron transfer
leading to the respective substrates occurs (Eq. 4). On the other
hand, in the presence of H-donating amines, such as TEA, the
radical ion pair complex participates in a proton transfer reaction
forming the neutral hydrogenated radical and an «-aminoalkyl
radical (Eq. 5). A second electron transfer from the reductive o-
aminoalkyl radical to the hydrogenated radical leads to the
respective iminium cation and hydrogenated anion of the sub-
strate (Eq. 6). The latter species is able to revert to the starting
substrate either in the dark or by oxygen admission to the sys-
tem. On the other hand, permanent products, for example alde-
hydes, secondary amines and diethylaminobutadiene, are formed
from the iminium cation (Eq. 7) (21,22).

A +hv —'A (1)

A =3A 2)

A+ RN —CHR — [A* eeeRyN*" —CH,R]  (3)
[A* e e e R,N*" — CH,R'] — A+ R;N — CH,R'  (4)

[A*" eee RoN*t — CHQR’] — [AH® e @ e RN — C'HRI}
— AH® 4+ R,N — C*HR’

[AH® e ¢ ¢ RyN — C*HR'] — AH™ + R,NT =CHR’  (6)
R;N* = CHR' — Amine oxidation products (7)

The main difference between 3-AOIA currently studied and
2,3-dh-OIA and OIA studied previously, arises from the aromatic
character of the ring containing the N-atom and from the pres-
ence of an additional N-atom at position 3 in the same aromatic
ring respectively (Chart 1). It is expected that the additional
N-atom changes the redox properties of the transient intermediates
as well as the photophysical behavior compared to the previously
studied derivatives.

Our studies include laser flash photolysis (LFP) experiments
on 3-AOIA in the presence of amines: two non-H-donating
amines (DABCO and TMP) and the hydrogen-donating amine
(TEA). The first two were used for the spectral and kinetic
characterization of the radical anions A’~ and/or radical ion
pairs [A"" ees R,N""-CH,R’]. On the other hand, TEA was used

Al:R=-H
A2:R =-CH,4

N /N

R

Chart 1. 7H-benzo[e]perimidin-7-ones structures.

for the identification of the hydrogenated radicals AH". The
identity of these intermediates was further confirmed by com-
plementary pulse radiolysis (PR) experiments in acetonitrile and
2-propanol solutions in the absence of amines. Time-resolved
studies were complemented by steady-state photolysis experi-
ments that provided kinetic information on the proton transfer
step that occurs during photoreduction of 3-AOIA in the pres-
ence of TEA.

In this study, we have characterized the spectral and kinetic
properties of transients formed in the photoreduction process of
AOIA induced by amines. These studies provide a qualitative
and partly quantitative picture of the reaction mechanism that
was found to be dependent on the H-donating properties of the
amines.

MATERIALS AND METHODS

Materials. Acetonitrile was purchased from Merck HPLC grade and used
as received. TEA, 2,2,6,6-tetramethylpiperidine (TMP) and 1,4-diazabicy-
clo[2.2.2]octane (DABCO) were all purchased from Aldrich. The liquid
amines were distilled in vacuum, trap to trap, sealed into glass tubes at
10~* mm Hg. and stored at —18°C. Before each experiment, a new tube
was opened to ensure the freshness of the amine. DABCO was used as
received and its solutions were prepared immediately before use.

Synthesis of azaoxoisoaporphines. The synthesis of 7H-benzo[e]
perimidin-7-one  (3-azaoxoisoaporphine, 3-AOIA) and its methyl
substituted derivative, 2-methyl-7H-benzo[e]perimidin-7-one (2-Me-3-aza-
oxoisoaporphine, 2-Me-3-AOIA) was performed by cyclization of
1-aminoantraquinone with N,N-dimethylformamide dimethyl acetal or N,
N-dimethylacetamide-dimethyl-acetal ~with  phosphorous oxychloride
respectively. In situ cyclization of the intermediates formed was accom-
plished by an addition of ammonium acetate in hot ethanol (14,16,25).

Preparation of solutions. All solutions of AOIA for the LFP experi-
ments were prepared with absorbance ~0.6 at the excitation wavelength of
355 nm and concentration ~0.1 mM. Solutions (3 mL) of AOIA in a
10 mm fluorescence quartz cell sealed with a septum were purged for
20 min. with Ar. Immediately after purging, an aliquot of either pure or
diluted amine was added through the septum for the quenching or spectral
experiments. For steady-state photolysis, AOIA absorbances were between
0.20 and 1.40 at 366 nm.

All solutions of AOIA (0.1 mM) for the PR experiments were pre-
pared freshly before experiments in acetonitrile. Solutions were subse-
quently purged for at least 30 min. per 200 mL of sample with the
desired gas before pulse irradiation (24,26,27).

Laser flash photolysis, LFP. Laser flash photolysis experiments were
performed with a Q-switched Nd:YAG laser, Quantel Brilliant with the
excitation at 355 nm. The flash photolysis setup was described previously
(22,28,29).

Quenching of excited states. The lifetimes of the excited triplet states
of AOIA, t, were measured at different concentrations of quenchers at
selected wavelengths. From the 1/t vs [quencher] plot, a modified Stern-
Volmer equation kons = ko + kq[Q] was obtained, where ko = 1/<° is the
decay rate constant for the excited triplet in absence of quencher;
kons = 1/T where 1 is the lifetime in the presence of different concentra-
tions of quencher [Q] and k4 is the bimolecular quenching rate constant.

Triplet energies. The triplet energies (E') of AOIA were estimated
with the energy transfer method. The determination of the quenching
constants with the selected energy acceptors (their triplet energies ranged
between 255 and 146 kJ mol ') was performed by following the
monoexponential decay of the triplets of AOIA at A = 430 nm, using the
modified Stern-Volmer equation (vide supra). The intersection point of
two linear sections of the respective plot of the quenching rate constants
(kq) of the excited triplet state of AOIA versus the triplet energy (E") of
the selected energy acceptors (vide supra) determines the triplet energy
of the respective AOIA.

Generation of radical anions and hydrogenated radicals. The non-H-
donating amines (TMP and DABCO) were used for spectral and kinetic
characterization of the radical anions derived from AOIA (A"") since the
photoinduced electron transfer (PET) is not followed by proton transfer.
On the other hand, the H-donating amine (TEA) was used for the spectral



and kinetic characterization of the hydrogenated radicals (AH") since the
PET is followed by proton transfer.

Pulse radiolysis, PR. Pulse radiolysis experiments were performed
with the INCT LAE 10 linear accelerator with typical pulse lengths of
7-10 ns. The data acquisition system allows for kinetic traces to be dis-
played on multiple time scales. A detailed description of the experimental
setup for optical measurements has been given elsewhere along with the
basic details of the equipment and the data collection system (30,31).
The irradiation cell was supplied with a fresh solution by a continuous
and controlled flow. The dose per pulse, which was determined by thio-
cyanate dosimetry, was on the order of 18-20 Gy (1 Gy =11 kg™ ).
Radiolytic yields are given in SI units as gmol J~ ' that is the number of
product species in micromoles that are generated for every joule of
energy absorbed by the solution. All experiments were performed with a
continuous flow of sample solutions at room temperature (~20°C). Exper-
imental error limits are +10% unless specifically noted.

Generation of radical ions. In Ar-saturated acetonitrile solutions
containing AOIA, both, the radical anions and radical cations derived
from them are generated by the reaction of solvated electrons or solvent
radical anions and cations with a substrate (Eqs. 8-12). On the other
hand, in O,-saturated solutions only radical cations are formed (Eqs. 8
and 11) since the precursors of radical anions are scavenged by oxygen
(Eq. 12) (32).

CH;CN ~» CH;CN*" +e ), (8)
e v + CH3CN — CH;CN* ©)
€ o /CHsCN®™ + A1/A2 — AL /A2 (10)

CH3;CN** + A1/A2 — CH3CN + A1°F/A2°T  (11)

e;,]V/CH3CN°7 + 0, — O~ 4+ CH3;CN (12)

Generation of hydrogenated radical. In NO-saturated 2-propanol
solutions containing AOIA, their neutral hydrogenated radicals are gener-
ated by a sequence of reactions displayed in equations (Eqs. 13—18).

(CH3),CH — OH ~» (CH3),CH-OH*" +e_,,  (13)
(CH;3),CH — OH*" + (CH3),CH—OH (14)
— (CH;)ZC. — OH + (CH},)2CH70H2Jr

e;olv —+ Nzo — 0.7 + N2 (15)

0°" + (CH3),CH — OH — (CH;),C*~OH+OH™  (16)

(CH3),C*—OH + A1/A2 — (CH;),C = O + A1°"/A2* + H*
(17)

The radical anions A1 /A2" formed in reaction (Eq. 17) undergo
further protonation by protons formed in reactions (Eqs. 14 and 17) and/
or by 2-propanol molecules (Eq. 18):

Al*"/A2*" + H'/(CH;),CH — OH; /(CH;),CH—OH

. . _ (18)
— A1H®/A2H® + (CH3),CH — OH(CH3),CH — O

Steady-state photolysis. The changes of absorbance with time were
followed on an Agilent 8453 diode array spectrophotometer. The stirred
solutions were photolyzed directly in the spectrophotometer cell holder
with a 150 watts Black Ray UV lamp equipped with a 366 nm filter.

Photoconsumption quantum yields, (P,.). A detailed description of the
evaluation of photoconsumption quantum yields of AOIA has been given
elsewhere (24). The variation in concentration of AOIA was evaluated
from the absorbances measured at /. = 376 and 380 nm for 3-AOIA and
2-Me-3-A0IA resgectively (24). The photon flux was determined by
using Aberchrome™540 (33).
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RESULTS AND DISCUSSION

Steady-state photolysis. UV-Vis spectroscopy

Photoreduction of AOIA Al and A2 by H-donating amines such
as TEA, is an efficient process in deoxygenated solutions of dif-
ferent solvents. An occurrence of a clean photoreaction leading
to the azaoxoisoaporphine hydrogenated anions is indicated by
the evolution of spectra revealing several isosbestic points. A
similar behavior was observed in several solvents such as aceto-
nitrile, methanol, benzene and cyclohexane (Fig. 1) (20).

The small differences in behavior are due to the absorption
band structure of photoproducts at longer wavelengths and slight
changes in the position of isosbestic points during photolysis.
From the photoreduction with TEA in acetonitrile, the molar
absorption coefficients (¢) of the photoproducts (g450 = 5530 and
470 = 6240 M~ cm™! for AIOH™ and A20H™ respectively)
were estimated by using the ratios of the absorbances at absorp-
tion maxima of the photoproducts and the parent AOIA bands.
In all of the mentioned solvents the photoproducts revert back to
the initial AOIA when the samples are stored in the dark or fas-
ter if air was admitted into the reaction mixture.

The photoconsumption quantum yields, ®,., showed a strong
dependency on the amine concentration, reaching a limiting value
®,. ~ | at molar concentration ratios [TEA]J/[AOIA] > 300 and

2
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0- [~ g ) :
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e — —————.
T T T T T T T T T

T T
250 300 350 400 450 500 550 600
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Figure 1. Absorption spectra recorded at the beginning (dashed line), at
the end of photolysis (solid line) and with an access of air after photoly-
sis (dotted line) for A2/TEA system in (a) cyclohexane, (b) benzene and
(c) methanol. Insets: Evolution of absorption spectra recorded during
photolysis in the respective solvents. The sharp break below 275 nm in
benzene is due to solvent absorption.
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>10 for Al and A2 respectively (Fig. 2). Similar behavior was
observed in all solvents used, that is in cyclohexane, benzene and
methanol.

For Al, irrespective of the solvent used, ®,. was nearly I.
However, for A2, ®,. increases with the solvent polarity from
0.74 in cyclohexane to 0.97 in acetonitrile and 0.91 in methanol
showing that ®,. can be roughly related to the solvent polarity.
Values of &, for Al and A2 together with the empirical param-
eter for solvent polarity (Et) (34) are summarized in Table 1.

Assuming the earlier proposed photoreduction mechanism for
2,3-dh-OIA and OIA (Egs. 1-7), one can derive Eq. (19) that
relates ®,. with amine concentration:

O — O kg kg [amine] (19)
P (k_gr + k) (ko + kgr[amine])

where ®7 is the triplet quantum vyield, k, is the deactivation
kinetic constant of the excited triplet state, kgr is the rate con-

[TEA]M
0.00 0.02 0.04 0.06
— . . .
1.0-
o o
0.8
4
0.6
() L
PC 0.4 T £ 2 /
02 7
0
0 10000 20000
001 @ 1ream’
10{ B 0—0 )
0.8 o/
12
064
D Q8
PC 0.4- S,
o = .,
0.2
o 0
7 0 200000 400000
0071 © 1TEA M
0.000 0.001 0.002
[TEAIM

Figure 2. The dependence of photoconsumption quantum yields, ®,. on
[TEA] in acetonitrile for (A) 100 uM Al (o) and (B) 80 uM A2 (o).
Insets: Plots of 1/®,. vs 1/[amine] according to Eq. (20).

Table 1. Photoconsumption quantum yields, @, for azaoxoisoapor-
phines Al and A2, in the presence of TEA (see text for details).

B,
Solvent (ENp)* Al A2
Methanol (0.762) 0.97 + 0.03 0.91 + 0.01
Acetonitrile (0.460) 0.98 + 0.02 0.97 + 0.03
Benzene (0.111) 0.99 + 0.01 0.82 + 0.01
Cyclohexane (0.006) 0.99 =+ 0.01 0.74 + 0.02

*Empirical parameter for solvent polarity ENT (34).

stant for the photoinduced electron transfer, k_ gt is the rate
constant for the back electron transfer and kg, is the rate con-
stant for the proton transfer. Rearranging Eq. (19) to a linear
relationship between 1/®,. and 1/[amine] represented by Eq.
(20), one can easily extract the value of the intercept/slope ratio
equal to kgr X 1. The parameter ° = 1/ko represents the
excited triplet state lifetime in the absence of amine.

1 (k_gr+ky+) 1 1
= 1 20
Dy DTy +kET‘50 . [amine] (20)

Taking the values of the intercepts from the plots (insets in
Fig. 2) together with ®" =1 (vide infra), it was possible to
calculate the ratio of proton transfer and back electron transfer
rate constants (ky,/k_gr). These processes account for the
decomposition of the radical anions in the ion pairs formed after
the photoinduced electron transfer. The ratios of 6.3 and 33 were
calculated for A1/TEA and A2/TEA respectively. These values
were affected by large uncertainties. However, they indicate that
the proton transfer from the amine radical cation to the radical
anion of Al and A2 in an ion pair was faster than the back elec-
tron transfer. Since the decay rates of the radical anions Al1™/
A2"" or radical ion pairs [A1"7/A2"" = Amine™"] measured in
the presence of DABCO were similar for Al and A2 (vide
infra), it is reasonable to assume that the back electron rate con-
stants (k_gr) are similar for A1 and A2. Taking this assumption
into account, one can easily calculate that the proton transfer rate
constant (ky,) for A2 is approximately five-fold larger than for
Al. This difference in the kinetic behavior could be due to a
greater reactivity of the radical anion A2'", induced by the
methyl group located at position 2 on the molecule.

Laser flash photolysis and pulse radiolysis

Excited triplet states (Al and 3A2): generation and spectral/
kinetic characterization. After the light absorption, the excited
singlet states (‘A1 and 'A2) were formed which further undergo
an efficient intersystem crossing to the lower energy excited trip-
let states (Al and *A2) with the quantum yield close to unity,
see Table 1 (35,36). For both compounds the absorption spectra
of triplets were characterized by intense absorption bands with
maxima located at 2 = 440450 nm and a shoulder at ~410 nm.
They also showed depletion in their ground absorptions below
370 nm (Fig. 3).

These transients CAl and *A2) decayed mono-exponentially
with lifetimes of T = 20 and 27 us respectively. Their absorption
spectra disappeared completely in O,-saturated solutions confirm-
ing their assignment as the excited triplet states. The excited trip-
lets (Al and *A2) were subsequently quenched by triplet energy
acceptors with known triplet energies (E"). From this informa-
tion, estimations of their triplet energies were made. (37) A typi-
cal Stern-Volmer plot for A2 quenching by perylene is
presented in the inset in Fig. 4. All quenching rate constants
measured are summarized in Table 2. From the plot of the
quenching rate constants vs the triplet energy of the acceptors,
the triplet energies (E' = 182 and 181 kJ mol™' for Al and
3A2 respectively) were estimated (Fig. 4).

The ET values of Al and *A2 were found to be more than
10 kJ mol ! less than the ET values measured for triplet states
derived from OIA (24). The stabilization of *Al and *A2 with
respect to the triplet states of oxoisoaporphines (*OIA) can be
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Figure 3. Triplet—triplet transient absorption spectra recorded after 1 (o),
5 (0), 10 (A), 20 (V) and 50 us (0) after the laser pulse in acetonitrile
solutions containing 80 uM of Al (A) and A2 (B). Insets: Kinetic time
profile representing decays of *A1* and *A2* at A = 410 (solid line) and
/. = 440 nm (dashed line).

Table 2. Quenching rate constants (k,), for Al and A2 with the selected
quenchers, and its triplet state energies.

Triplet kg IM™' s

energy
Quencher [kJ mol™'] 3A1 3A2
Perylene* 146 (5.2 +0.1) x 10" 4.5+ 0.1) x 10'°
Azulene* 163 (1.9 £ 0.1) x 10" (1.6 £ 0.1) x 10"
Rhodamine-6G 180 8.4 +03) x 10° (6.3 + 0.4) x 10°
Acridine orange 205 94 +04) x 10° (7.5 £ 02) x 10°
Naphthalene* 253 8.0+ 02) x 107 (7.7 £0.3) x 107
Quinoxaline* 255 4.9 +0.1) x 107 (6.2 £ 0.3) x 10’
E" [kJ mol '] — 182 + 4 181 + 4

*Quencher solutions were prepared in benzene. Aliquots of these solu-
tions were added to A1/A2 solutions in acetonitrile. "Data taken from
37).

attributed to the presence of the second N-atom in the AOIA
molecules.

Radical anions (AI'™ and A2°™): generation and spectral/kinetic
characterization. The excited triplets (PAl and *A2) were also
efficiently quenched by amines such as TMP or DABCO with
quenching rate constants close to the diffusion limit (Table 3).
Since these amines are not able to donate H-atoms, the photore-
actions proceed only to the formation of the radical ion pair (by
an analogous reaction to that described by Eq. 3) that would
revert to the ground states of substrates by a back electron trans-
fer (analogous to the reaction described by Eq. 4). Therefore, in
the presence of these amines it is possible to characterize the
kinetic and spectroscopic properties of the radical anions/radical
ion pairs derived from the respective AOIA. Neither TMP nor
DABCO produce any photoproduct in a steady-state photolysis.
The kgr increase of the ET process involving *A17A2 and
TMP in comparison to the kgt of analogous process involving
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Figure 4. Plot of the quenching rate constants of the excited triplet state
of (*A2) versus the triplet energy (E") of several energy acceptors. Inset:
Representative plot for the quenching of *A2 by perylene according to a
modified Stern-Volmer equation (vide supra subchapter: Quenching of
excited states). For all quenchers linear behavior of Stern-Volmer plots
was observed (r > 0.99).

*OIAs can be rationalized in terms of the greater reduction
potentials of *A1/°A2 caused by the presence of the second elec-
tronegative N-atom in the A1/A2 molecules.

By using sufficiently high concentrations of amines (DABCO
or TMP) to rapidly quench almost all of the AOIA triplets (CAl
and *A2), new absorption bands appeared, which were attributed
either to the radical anions A1 /A2™™ or to the radical ion pairs
involving the respective radical cations of the amines [A1™/
A2"" ess Amine™]. For both AOIA strong absorption bands were
observed, with the maxima located at A = 460 nm and shoulders
at A = 400 nm and less intense broad bands located between 500
and 600 nm (Fig. 5). The features of the absorption spectra
obtained were independent of the amine used.

However, their lifetimes strongly depended on the nature of
the electron donor. With DABCO used as a quencher, the life-
times of transients derived from A1/A2 (vide supra) were close
to 7 =20 us. Similar lifetimes of transients derived from oxo-
isoaporphines (OIA and 5-MeO-OIA) were measured (24). Inter-
estingly, with TMP used as a quencher, the lifetimes of the
transients substantially increased, to nearly T = 1 ms. This obser-
vation suggests the formation of a long-lived contact radical ion
pair, CRIP, [A1"7/A2'~ s« TMP™], which is likely stabilized by
a hydrogen bond involving the amine hydrogen of TMP. Similar
phenomena were also observed for transients derived from OIA
where the lifetimes of the respective transients derived from
OIA, A3 and 5-MeO-OIA, A4, were found as 7 = 140 us and
0.9 ms respectively (24).

Radical anions (A’ and A2°~) generation by pulse radiolysis.
Pulse radiolysis of acetonitrile solutions containing Al and A2
was performed in order to resolve whether the absorption spectra
generated by the LFP in the presence of DABCO and TMP can
be assigned to radical anions (A1°/A2"") or to the respective
ion-radical pairs [A1"7/A2" ess TMP™].

Azaoxoisoaporphines Al and A2 exhibit similar behavior
under PR. In Ar-saturated acetonitrile solutions containing Al,
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Table 3. Quenching rate constants of the excited triplet states (*A) derived from azaoxoisoaporphines (Al and A2) and oxoisoaporphines (OIA, A4;

and 5-MeO-OIA, AS) by selected amines, in acetonitrile.

ker IM7' s
Amine (E° [V] vs NHE) 3A1 3A2 3A4 3A5
TMP (1.36) 1.2+ 0.1) x 10° (1.1 £ 0.1) x 10° (8.9 +0.2) x 10° 9.6 £ 0.2) x 10°
DABCO (0.84) (1.0 £ 0.1) x 10" (1.0 £ 0.2) x 10" (3.8 £0.3) x 10° (32 £02) x 10°
TEA (1.02) i ¥ (1.1 £ 0.1) x 10° (1.2 £ 0.1) x 10°

*Data taken from (24). "Spectral overlapping prevents the determination of kpr.

0.104 A
0.08

0.06

AOD

0.04 4

0.02 4

0.03 4

0.02 4

AOD

0.014

X~ \A-A‘A—K Af \
000] ¢ A \V’VV’V“V\@/VW;V\V&

350 400 450 500 550 600 650 700
Wavelength [nm]

Figure 5. Absorption spectra recorded in Ar-saturated acetonitrile solu-
tions containing 80 uM Al in presence of: (A) 1 mM DABCO at 1 (0), 5
(0), 10 (A), 20 (V), 50 (0) and 150 us (%) after laser pulse; (B) 1.4 mM
TMP at 20 us (o), 100 us (0), 500 us (A) and 1 ms (V) after laser pulse.
Insets: the kinetic long time profiles representing decays of absorbance at
2 =400 nm (solid line), 460 nm (dashed line) and 540 nm (dotted line).

the absorption spectra recorded in the sub-microsecond time
domain were characterized by two strong absorption bands with
maxima located at 1 = 400-405 nm and A = 470 nm with a pro-
nounced shoulder in the spectral range from 510 to 600 nm
which are attributed to the radical cations (A1™*) and radical
anions (A1°7) respectively (Fig. 6A). In O,-saturated acetonitrile
the absorption spectra recorded in the same time domain were
characterized only by a distinct absorption band with maximum
located at 4 = 400-405 nm. This absorption band is assigned to
the radical cations (A1™) (Fig. 6B).

Kinetic time profiles were recorded at the absorption maxima of
A1™ (Amax = 400 nm) and A1"™ (A = 470 nm). These profiles
clearly showed that the formation of A1"~ was faster than the for-
mation of A1™. The first-order fittings of these kinetic time profiles
gave the pseudo-first-order rate constants k = 9.3 x 10° s™" and
k=199 x 10° s~! for the formation of A1~ and A1™, respec-
tively, at 0.1 mM concentration of Al. The same fitting procedure
performed for A2 gave the pseudo-first-order rate constants

Gxe [dm3 J_lcm_l] x10°

300 350 400 450 500 550 600
Wavelength [nm]

Figure 6. (A) Transient absorption spectra observed at 0.05 us (o),
0.32 us (o), 3.2 us (A), 20 us (V) and 60 us (0) after pulse irradiation
of an Ar-saturated acetonitrile solution containing 0.1 mM Al; (B) at
3.2 us (o), 10 us (o), 20 us (A) and 60 us (V) after pulse irradiation of
an O,-saturated acetonitrile solution for the same substrate. Insets:
Kinetic time profiles representing formation and decays of the absorption
bands at 2 = 400 nm (o) and 470 nm (o).

k=82 x10°s"" and k=73 x 10° s~' of the formation of
A2"" and A2, respectively, at 0.1 mM concentration of A2 (data
not shown).

To extract the spectra of radical anions one has to subtract the
absorption spectra obtained in O,-saturated solutions from the
respective absorption spectra obtained in Ar-saturated solutions.
This approach was successfully applied earlier for 2,3-dihydro-
oxoisoaporphines (26) and OIA (24).

The absorption spectra of A1°~ (data not shown) and A2"~
(Fig. 7A), exhibit a distinct, intense absorption band with a max-
imum located at A =470 nm and a broad band in the spectral
range from 500 to 600 nm. These spectra are very similar in
shape and spectral features to the spectra generated photochemi-
cally in acetonitrile solutions containing Al and A2 in the
presence of DABCO (Fig. 7B) and TMP. The absorptions decay
mono-exponentially at both wavelengths with lifetimes () of 20
and 11 us for AI"™ and A2 respectively (Fig. 7A, inset). These
kinetic parameters are very similar to those observed for absorp-
tions generated photochemically in the presence of DABCO
(Fig. 7B, inset).



Neutral hydrogenated radicals (AIH" and A2H'): generation and
spectral/kinetic characterization. Neutral hydrogenated radicals
(A1H" and A2H") were generated in acetonitrile solutions by the
photoreduction of the respective AOIA in the presence of the H-
donating amine, TEA. The transient absorption spectra recorded
at > 10 us were characterized by a distinct absorption band
with Zp.x = 460 nm and several less intense bands with weakly
pronounced absorption maxima located at A =400, 510 and
550 nm for Al (Fig. 8A) and 4 = 410, 520 and 580 nm for A2
(Fig. 8B). In the case of A2, after a long time decay (0.9 ms)
the absorption band at A = 460 nm was substantially quenched
in comparison to the still dominant 460 nm-band for Al.

By analogy to the spectral features observed with DABCO
and TMP, the absorption band with A, =460 nm can be
attributed to the long-lived contact radical ion pairs [A1 /A2
e« TEA™], which decay with lifetimes t = 362 us and 127 us
for Al and A2 respectively. These lifetimes were shorter than
those observed in the presence of TMP, but they were much
longer than those measured in the presence of DABCO or by
PR. These observations strongly suggest the formation of a CRIP
in the presence of TEA.

The remaining absorption bands, located at 400, 510 and
550 nm for Al and at 410, 430, 520 and 580 nm for A2, grew
very rapidly, with similar first-order kinetics. However, due to
the large contribution of the radical anions at these wavelengths,
it was not possible to resolve the kinetic behavior involving the
radical anions and hydrogenated radicals at short time delays.

. A
O ]
= 08
X
'S 064
'_‘O
—
o 04-
=
© 0.2
X
) 1 o
00| R\
1B
0.09-
0.06-
(]
2 N
0.03- / E\\:
_0-! e} —
D:§' :X/A Iy A_A\XAA ‘2‘2:&2\
0.00- ngﬁgg*”V*”f NIV
350 400 450 500 550 600

Wavelength [nm]

Figure 7. (A) Corrected absorption spectra (see explanation in the text)
recorded in acetonitrile solution containing 0.1 mM A2 at 0.6 (o), 4.8
(0), 16 (V) and 60 us (V) after pulse irradiation. Inset: Decay kinetics of
A2 recorded at 470 (o) and 560 nm (o). (B) Absorption spectra
recorded in Ar-saturated acetonitrile solutions containing 80 uM A2 in
presence of 22 mM DABCO at 1 us (o), 5 us (©), 10 us () and 50 us
(V) after the laser pulse. Inset: Decay kinetics recorded at 460 (o) and
560 nm (o).
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However, from the decay kinetics of A1 /A2" or [Al"/A2"
ees TEA™], with lifetimes © = 362 us and 127 us, respectively,
and assuming that their decays occurred mostly by protonation,
one can estimate the ratio Ay, (A2)/ky,(Al) ~2.8. This value
agrees fairly well with the value estimated from the steady-state
photolysis (vide supra).

Furthermore, the less intense absorptions at 400, 510 and
550 nm (for AIH") and those at 410, 520 and 580 nm (for
A2H") decayed uniformly with T =270 and 97 us respectively.
On the other hand, the absorption at 430 nm (for A2H") decayed
with 7 = 115 us. These decays with distinct lifetimes for A2H'
strongly suggest the presence of at least two kinds of protonated
radicals A2H". The same behavior was also observed for aro-
matic OIA (24). Therefore, this behavior cannot be disregarded
for AIH". Unfortunately, due to the strong overlap of absorption
bands of hydrogenated radicals (A1H") and the respective radical
ions (A177) or radical ion pairs [A1'~ es= TEA™], it was not pos-
sible to resolve their decay kinetics.

Neutral hydrogenated radicals (AIH and A2H') generated by
pulse radiolysis. Pulse radiolysis of 2-propanol solutions contain-
ing Al and A2 was carried out in order to confirm the assign-
ments of the absorption bands generated by the LFP in the
presence of TEA to neutral hydrogenated radicals (A1H/A2H").
Azaoxoisoaporphines Al and A2 exhibit similar behavior under
PR. In N,O-saturated 2-propanol solutions containing 0.1 mM A1/
A2, the absorption spectra were fully developed at 40 us after
the electron pulse. They were characterized by three distinct
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Figure 8. Absorption spectra in Ar-saturated acetonitrile containing
40 mM TEA and (A) 65 uM Al and (B) 80 uM A2 recorded at 10 us
(o), 50 us (o), 200/100 us (A) and 900 us (V) after laser pulse. Inset in
A: decay kinetics recorded at 4 =400 nm (o) and 460 nm (o). The
decay kinetics recorded at A > 500 nm overlap with the decay kinetics at
A =400 nm (data not shown). Inset in B: decay kinetics recorded at
A =410 nm (solid line), 460 nm (dashed line) and 520 nm (o).
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absorption bands with maxima located at A =400, 430 and
520 nm (Fig. 9A and B). Absorptions recorded at these wave-
lengths grow in exponentially with an average pseudo-first-order
rate constant k = 1.3 x 10° s™' for Al and k = 3.0 x 10° s~ for
A2. Taking into account the sequence of reactions (Egs. 13—18)
and on the basis of our earlier LFP observations (vide supra), these
absorptions can be tentatively assigned to the neutral hydrogenated
radicals (A1H/A2H'). Interestingly, absorptions recorded at
A =400 and 520 nm for both AOIA Al and A2 decay faster
(k=29 x 10*s™" and 3.8 x 10° s~' respectively) compared
with absorption recorded at /. = 430 nm (k = 2.1 x 10* s~" and
3.0 x 10? s7" respectively). These observations would account
for the existence of two types of hydrogenated radicals with pro-
tonation sites located on the oxygen atom (A1OH/A20H") and the
nitrogen atom (AIN1H/A2N1H"). Based on thermodynamic sta-
bilities and the observed isotope exchange (20) the species absorb-
ing at A = 430 nm with the lifetimes t = 470 and 330 s can be
identified as A1OH" and A20H" respectively. The remaining
absorption bands with maxima at 41 =400 and 520 nm are
assigned to the neutral hydrogenated radicals AINIH/A2NIH".
Their respective lifetimes t = 370 and 260 pus, shorter than those
for AIOH/A20H", confirm their lower thermodynamic stability.
By considering formation enthalpies for AN1H" and AOH" rad-
icals, with a AAH;° defined as (AH°anig-—AH° aon.) of 3.23
and 3.01 kcal mol™' for Al and A2, respectively (20), one can
expect that both radicals are present in an equilibrium, likely med-
iated by the excess of amine as postulated earlier for OIA (24).

DISCUSSION

This work reports for the first time the spectral and kinetic data
regarding the triplets, radical anions/radical ion pairs and neutral
hydrogenated radicals derived from two AOIA, that is 7H-benzo
[e]perimidin-7-one (3-AOIA, Al) and its 2-methyl derivative
(2-Me-3-AOIA, A2). In addition, application of PR (as a comple-
mentary method for the generation of radical ions) was used to
generate selectively and to observe the radical anions of Al and
A2 in absence of amines.

For both compounds the absorption spectra of triplets were
characterized by intense absorption bands with maxima located
at A = 440-450 nm and a shoulder at ~410 nm, and depletions
of the ground absorption below 370 nm (Fig. 3). Triplet energies
ET of 182 and 181 kJ mol™!, were estimated, for A1 and A2
respectively. These energies are nearly 10 kJ mol™' lower than
those reported for OIA (24). This stabilization can be attributed
to the presence of the second electronegative N-atom in the
AOIA structure. The presence of the second N-atom does not
affect the triplet quantum yield, ®7, as compared with the OIA,
(24) but these newly measured triplet quantum yields are signifi-
cantly larger than those measured for 2,3-dihydro-oxoisoapor-
phines derivatives, which were 0.38; 0.42 and 0.55 for the
5,6-dimethoxy; 5-methoxy and the unsubstituted one respectively
(22,23). However, this second N-atom, substantially affects the
photoconsumption quantum yields, ®,.. The value ®,. =1 is
significantly larger than ®,. = 0.25 and 0.41 measured earlier
for OIA and 5-MeO-OIA respectively (24). These photocon-
sumption quantum yields were all around 0.1 for the 2,3-dh-OIA
derivatives (23). Therefore, the aromatic character of the OIA
increases the triplet quantum yields and the N-atom in the AOIA,
increases the photoconsumption by affecting the rate of the pro-
ton transfer step in the radical ion pair A"~ == R,N""-CH,R'.
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Figure 9. Transient absorption spectra recorded at 40 us (o), 240 us
(0), 500 ps (A) and 1000 us (V) after pulse irradiation of an N,O-satu-
rated 2-propanol solutions containing: (A) 0.1 mM Al and (B) 0.1 mM
A2. Insets: decay kinetics recorded at 4 = 400 nm (o), 430 nm (o) and
520 nm (A).

400

The absorption spectra of radical anions or radical ion pairs,
A’"or [A" ees R,N™-CH,R’], generated photochemically for Al
and A2 in the presence of non H-donating amines do not differ
substantially from those generated by PR. However, the lifetimes
of those generated photochemically in the presence of TMP are
much longer than those generated by PR. This observation
reveals a strong interaction between A1"7/A2"~ with TMP™, in a
form of CRIP. Such a strong interaction in the radical ion pair
can be understood by considering an H-bond between the NH
from the radical cation of TMP and the radical anion of the sub-
strate (38). However, even with this interaction the absorption
spectra for the radical anions A1~ or A2" are nearly identical
to those obtained in the presence of DABCO and those generated
by PR.

A similar behavior was observed with TEA where the CRIP
prevails at longer times after the laser pulse. Again, this interac-
tion does not considerably affect the spectra of the radical
anions, which appear to be the dominant species together with
the hydrogenated radicals. In spite of the fact that the substantial
overlapping of the absorption spectra of the ion-radical pairs
([A™™ se« TEA™]) and hydrogenated radicals (AH"), which pre-
cludes their unequivocal kinetic characterization, it is clear that
two distinct AH" radicals are formed. On the basis of the PR



results in 2-propanol solutions and the thermodynamic data (20),
we can tentatively assign the absorption bands at 400 and
520 nm to the ANIH" radicals and the other bands at 430 nm to
the AOH’ radicals. These radicals probably exist in equilibrium,
as it was postulated earlier for oxoisoaporphine derivatives (24).

It is interesting to note that the characteristic band assigned to
the radical anions/radical ion pairs (A1"7/[A1"" e TEA™]) is
observed at very long times (900 us) after the laser pulse while
that for A2" nearly disappeared. This observation is in line with
the fact that the proton transfer proceeds 2.9-5-fold faster for
A2"" than for A17. Thus, one can conclude that the absorption
observed in the submillisecond time domains in the A2/TEA sys-
tem is mainly due to the contribution of neutral hydrogenated
radicals.

Photoreduction mechanism

Photoinduced electron transfer (PET) should generate a contact
radical ion pair, CRIP, which can decay by the following three
pathways: (1) back electron transfer within the CRIP, (2) diffu-
sional transformation of the CRIP to a solvent-separated radical
ion pair, SSRIP and (3) proton transfer from the radical cation of
the amine (not possible for non-H-donating amines TMP or
DABCO) to the radical anion of the substrate, forming a gemi-
nate radical pair, GRP, [AH" ¢s= R,NC'HR']. The solvent-sepa-
rated radical ion pair, formed in acetonitrile and involving
DABCO likely lacks spin correlation and decays by back elec-
tron transfer with a rate constant k_gr ~ 5 x 10* s~! for both
AOIA Al and A2.

With TEA, an H-donating amine, the radical ion pair, [A" eee
TEA™], has two main pathways of deactivation: (1) back elec-
tron transfer within the CRIP and/or (2) proton transfer from
TEA™ to A’ leading to ANIH" and AOH’, likely in equilib-
rium, eventually leading to metastable ions AIOH /A20H™ after
a second electron transfer from the reductive o-aminoalkyl
radical to the respective hydrogenated radicals within the GRP.
The presence of these metastable anions AIOH /A20H™ is the
only way to explain the C4 and C6 H/D isotopic exchange
observed for the AOIA and aromatic OIA (20).

CONCLUSIONS

Spectral and kinetic data regarding the triplets, radical anions/
radical ion pairs and neutral hydrogenated radicals derived
from two A, that is 7H-benzo[e]perimidin-7-one (3-AOIA, Al)
and its 2-methyl derivative (2-Me-3-AOIA, A2) are reported.
The second N-atom (N3) in the ring containing N1-atom
affects the triplet energies (ET), which were found to be more
than 10 kJ mol ' less than the E' measured for triplet states
derived from oxoisoaporphines (POIA and 35-MeO-OIA) (24).
On the other hand, methyl substitution at C2-atom in 2-Me-
3-AOIA does not change the triplet energy in comparison to
3-AOIA. However, it affects the proton transfer rate constant
(kyy), which was found to be 2.9-5-fold larger for 2-Me-3-
AOIA.

Formation of two neutral hydrogenated radicals, AN1H" and
AOH’, was confirmed experimentally by LFP and PR. These rad-
icals likely exist in equilibrium. One of them, AOH’, undergoes
transformation by a second electron transfer to the metastable
photoproduct AOH™, which accounts for the H/D isotopic
exchange previously reported (20).
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